The course of bacterial invasioni of a particular tissuie varies according to a variety of factors suclh as synergic or antagonist actions between invaders, nonspecific and specific lhost responses, and alterations in the host environment. Anotlher dleterminant of the extent of a particular tissue involvement is the striking tendency of microorganisms to invade specific cells or to localize in a particular organ of the host (1, 2) . The alterations in the metabolic patterns of the infected tissue may be reflected in clhanges in the activities of some or all of the enzymes of the glycolytic pathways (3) . In mammalian tisstues, the activities of glycolytic enzymes may be in constant proportion to eaclh other (4) and the rate of glycolysis may be regtulatedl by several key enzymes wlhich are on the strategic branching point of the metabolic pathway (5, 6) .
In view of these proposals, this study describes the change in patterns of several glycolytic enzymes in tissues of rats inoculated with either Salmonella typhimulrium, Diplococcuts pneumoniae, or Pseudomonas aeruginosa.
MATERIALS AND METHODS
Cultures. A virulent strain of S. typhimurium isolated from our rat colony, was used in this investigation. The median letlhal dose (LD,0) was calculated by the method of Reed and Mluenclh(7) 30 days after intraperitoneal administration in the rat andl was found to be approximately 2 x 107 cells per animal. A low-bation for 16 lhouirs at 370C, the organisms were centrifuged and washed three times witlh sterile normal saline solution. The bacterial suspension was diluted to conitain ii10 cells pei milliter.
Aniimals. Ten-week-old male Sprague-Dawley rats (Clharles River Breeding Laboratories, AWilmington, MIA) weiglhing 300-500 grams were maintained on a diet of a rat clhow and water ad libitiim. During the 2-week conditioning period, eaclh animal was weiglhed andl examined, and baselines of clhemical values were (letermined. The animals were divided at random into four groups. One group of 42 animals was inoculated intraperitoneally witlh a l-ml preparation of P.
aeruginosa, the second grouLp (46 animals) was inoculated with 1 ml S. typhimurium cell suspension, the tlhird group (40 animals) received 1 ml D. pneutmoniac. The fourth group of 40 animals was sham-inoculated with 1 ml sterile normal saline solution. A group of 20 animals was fasted for 48 hours (only water was given) to determine the effect of starvation on the levels of tissue enzymes.
The animals were bled by lheart puncture at various time intervals and samples of heart, liver, kidney, spleen, and skeletal muscles were quick-frozen in a dry ice-alcohol bath. The organs were homogenized and the number of organisms was determined by serial 10-fold dilution in sterile normal saline solution. A 0.1-ml amount of eaclh dilution was spread on the surface of blood agar plates. Net 14CO2 production via pentose-phosphate slhunt was estimatecl by sul)tracting the 14CO0 yield from the metabolism of gltucose-6-'4C from that of glucose-l-14C as dlescribecl by Aslhmore et al. (14) .
RESULTS
Bacteria in rat tissues. Blood samples drawn from rats by car(liac puncture and samples from homogenized tissues were plated on blood agar plates to determine the distribution of bacteria after injection of pure cell suspensions. Salmonella typhimurium pure culture inoculation resulted in a spread of the organisms in liver, kidney, spleen, and heart muscles by 3 hours postinjections (Table 1) . TIhe concentration of the organisms in these tissues reached a peak by 12 hours postinoculation. All the animals died by 80 hours with S. typhimilrium. infections. In the group of animals inoculated with P. aeruginosa, liver, ki(dney, and heart muscle had large numbers of organisms at 12 hours postinoculation which gradually declined by 72 hours. None of the animals in the group died and by 1 week postinoculation, a low number of viable P. aeruginosa were isolated from liver and spleen homogenates. The animals inoculated with D. pneumoniae had low numbers of organisms in the liver, spleen, and kidney, but lungs and heart muscle showed rapid growth of the pneumococci. The organisms were found in heavy concentrations in the tissues by 24 hours postinoculation. All the animals died by 80 hours after the inoculation with D. pneumoniae organisms. No organisms were found in the tissues of the group of animals which were shaminoculated with sterile saline solution. These animals were killed at the same time intervals as the inoculated animals.
Effect of bacterial infection on the key glycolytic enzymes in tissues. Samples of liver homogenates from 48-hour fasted rats showed 30-50% lower activities of GK, PFK, and PK than those of normally fed animals. As compared to liver enzymes in uninfected fed animals, the activities of these key glycolytic enzymes were 100-150% higher in rats infected with S. typhimurium (Fig. 1 ). Pseudo-monas aeruiginosa infections cauised smaller increments in liver GK, PFK, ancl PK. However, no enzyme activity was detecte(d above that of normal lhomogenates when equal numbers of organisms were a(lded to uininfected liver homogellates.
The activities of GK in spleen, kidney, heart, and skeletal muscle were increased by 40-100% in the S. typhimurium-infected group of animals; whlereas in the group of animals infected witlh P. aeruiginosa, the activity of GK was not altered significantly in these tissues. The activity of PFK was likewise increasedl by 30-50% in rat tissues infectedl with S. typhimuirium but the otlher bacterial infections tested caused less pronounced changes in PFK activities in these tissues.
Pyruvate kinase activity was elevated 2-to 3-fold in spleen and skeletal mulscles infected witlh S. typhinurium bacteria. However, the PK activity in kidney and heart muscles was elevated by 50-60% in animals inoculated with S. typhinrirlnm or P. aeruginosa. Since PK was very active in most tissues, this enzyme was measured in rat tissues during various stages of development of the infections. Generally there was an elevation in PK activity at the early stages of infection.
Heart, spleen, kidney, skeletal muscle, and serum lhad 40-170% higher levels of PK by 8 hours postinoculation (Fig. 2) , whereas maximal increase in the activity of liver PK were found at 24 lhours postinoculation in the P. acruginosa-infected animals. Diplococcits pucumoniiae infection caused only a 40% increase in PK activity in the liver in contrast to a 100-150% rise in PK activity in the otlher tissues of D. pncumoniae-infected animals. An examinlation of the ratios of key gluconeogenic and glycolytic enzymes are presented in Table 2 . The ratio of the activity of G6Pase to GK is approximately 7, whereas the ratio was 0.6 in tissues infected with S. typhimurium and 2.8 in tissues infected with P. acernginosa. Similar patterns of changes in the ratios of
FDPase to PFK and PEPC + PYC to PK were observed in the uninfected and infectedI livers of the animals.
Metabolismn of G-6-P in liver. The metabolic fate of G-6-P in the liver cell depends upon the activity of four enzymes, G6Pase, PGMI, GPDH, and PHI, which clhannel it into four (lifferent metabolic pathways. Assay of the G-6-P metaboliz- 
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ing enzymes in homogenates of infected and uninfected liver tissues revealed that G6Pase, which channels G-6-P into the circulation as blood glucose, was markedly diminislhed as a result of bacterial infection (Table 3 ). The activity of PGMI, wlhich channels G-6-P into glycogen, was increased 3-fold in S. typhimlrium infections but decreased considerably in P. aeruginosa infections. On the othel lhand, the activity of PHI, whiclh routes G-6-P into an energy generating patlhway, was increased 3-fold in acute S. typhimurulm infections but decreased (40%) with the chronic infectious process. The metabolism of G-6-P via tlle pentoseplhosplhate slhunt (GPDH) for nucleoprotein synthesis was increased 7- Sliglhtly higher amounts of glycogen were found in the tissues from P. aeruigblosainfected rats. Glycogen changes during incubation were small in the fasted and infected animal tissues. In the liver slices from normally fed rats, glycogen concentration decreased and the contents of glucose in the medium increase(l by 16 ,umoles per gram of tissue. There was considlerable net utilization of glucose in the incubation mixture containing S. typhimurizim-infected tissues.
The amount of glucose-1_'4C utilized was accounted for in CO, (3.0%1), lactic aci(l (20%,/o), and(l fatty acids (5.1%X,) in normal animal liver slices whereas a considerable per-centage increase in CO., was found in the samples from fastedl animals (Table 5 ). In order to estimate the percentage of glucose utilized via pentoseplhosplhate slhunt, 1 4CO, produce(l from glucose-6-1 4C was determined. The results obtained by using glucose-l-14C and glucose-6-14C in tissue slices show that in normally fed rat liver 20%ro of glucose utilized was converted into glycogen, 20% glycolized in lactic acicl and fatty acid and 1.3% ('4COi, yield from glucose-1-14C_11CO.2 from gltucose-6-14C) enteredI the pentose-phosphate shutnt.
Liver slices from the fasted animals catabolized 5-6% of glucose by the shutnt.
Glyconeogenesis was lower by 6.6% in the fasted liver tissues. The liver slices infected with S. typhimrium lhad an increase in glycolysis of 44% as compare(l to that of normal fe(d animals. In Pseuldomouas-infected tissues, the utilization of 14C-glucose by the pentose-phosplhate shunt was considerably increased as indlicated by the production of 14CO., (39%) while glycogen synthesis was decreased to 4.0%.
Direction of metabolic fluix. Based on the enzyme levels of glycolysis and gluconeogenesis and metabolism of G-6-P in liver, the direction of metabolic flux in uninfected and infected tissues was estimated. The activities of some of the key enzymes in the glycolytic pathway were compared on a percentage basis taking the values found in uninfected liver arbitrarily as 100% (Fig. 4) . These relative activities result in the net flow of carbon along the pathways shown by the dark lines. Thus, in S. typhimurium-infected tissue the major operative patlhway was the energy-yielding glycolytic pathway and the pathway of gluconeogenesis was essentially inhibited; lhowever, oxidation through the shunt was only slightly affected. In D. pneumoniiae-infected liver, the major pathway was glycolysis while the pentose-plhosphate shunt and glycogen synthesis were inhibited and gluconeogenesis unaffected. Althouglh the tissues infected with P. aerlgin osa exhibited a reduced rate of gluconeogenesis and glycolysis (30-40%), the direct oxidative patlhway was markedly increased and glycogen synthesis was inhibited.
DISCUSSION
Several studies lhave been reported on alterations of enzyme levels in tissues by a variety of plhysiologic, nutritional, and hormonal manipulations and by administration of various pharmacologic agents (3, 6, 22, 23) . However, relatively few investigations lhave been performed to evaluate the changes in key enzymes of a metabolic pathway during infectious disease states. In this study attempts were made to correlate the patlhogenicity of bacteria witlh lhost response as indicated by relative clhanges in the patterins of tissue enzymes. Altlhouglh our understanding of the molectular aspects of lhost defense meclhanisms against early stages of bacterial invasion is not clear, it seems that the metabolic activity of the lhost cell clhanges in relation to the (legree and type of infection. The use of three separate organisms of (lifferent patlhogenic characteristics was intended to examine tlle lhost responise to various levels of infections.
The rise in enzyme levels in tissues from S. typhirmnrimrn-infected rats was prestlmably dtue to lhost response to acute bacterial infection as evidenced by rapidl increase inl bacterial niumbers and by death of the animals. Elevation of PK enzyme activity at the early stages of infection was in correlation witlh hligh bacterial concentration at 6 hours postinoculation. However, the increased enzyme activity was not directly contributed to by the bacteria as indicated by our data on rat tissues andi those reported by Snyder (24) tions in glycolysis and oxidative processes of the tissues. However, increases in the activities of these enzymes may be partially (lue to nonspecific host response to bacterial infection (2) . The alterations in enzyme levels with acute bacterial illness in animals may be complicated to some extent by nutritional clhanges in animals cause(d by infectious dlisease (5, 22, 25) . Ouir studies show that the effects of starvation were opposite to those of S. typhirniirlum infections since the activities of GK, PFK, and PK enzymes were (lecreased by 30-50% and the gluconeogenic enzyines were increasedl by 501O1 in tissues of rats fasted for 48 hours (unpublished (lata). However, some increments in LDH enzyme levels may be contributed by starvation of the animals (luring the infection since the activity of LDH was found to be increased in liver tissues from 48-hour fasted rats (unpuiblisled(data).
The investigations of enzymes of G- In animals inoculated with P. aeruginosa, chronic infection occurred as evidenced by the presence of low numbers of organisms at 168 hours postinoculation. The activities of GK, PFK, and PK enzymes in spleen, kidney, heart, and skeletal muscles increased with variable range in the infected tissues. The effects on gluconeogenesis and glycolysis in liver tissues due to P. aeruiginosa infection were less pronounced as inciicated by the ratio of the activities of the key enzymes. The alterations in patterns of hepatic enzymes caused by parenchyma cell injury in chronic inflammatory disease were reported to be lower (26) . However, a 7-foldI increase in GPDH enizyme level ancl a 39% increase in 14CO2 production from 14C-glucose metabolism in infected liver tissues indicated marked stimulation of pentose-phosplhate shunt. A marked increase in GPDH activity due to P. aeruginosa may be due to compensatory and regenerative processes by means of supplying NADPH and ribose-5-phosphate. The results of these studies suggest that the patterns of key glycolytic enzymes follow synchronous belhavior under the stress of bacterial infections. Although the mechanism of enzyme changes due to bacterial infection is not known at this time, it is clear that the enzyme changes are due to host response to bacterial activity. The influence of bacterial action on the controlled processes in the tissues may be mediated through endocrine changes during acute or chronic adaptation (6, 27) . Further studies are in progress which may elucidate the mechanisms of specific changes in host cell metabolism in relation to in vivo metabolic activity of infective agents.
SUMMARY
The effects of S. typhimuirium, P. aeruginosa, and D. pneumoniae on the glycolytic enzyme patterns in rat tissues were examined by measurement of activities of several key enzymes in the metabolic pathways. The animals inoculated with S. typhimutriuim showed a 30-100% increase in glucokinase and phosphofructokinase of spleen, kidney, heart, and skeletal muscle; whereas P. aeruginosa infections caused less pronounced changes. Pyruvate kinases activities in these tissues were elevated by 40-170% at the early stages of infection. Liver homogenates from animals infected with S. typhimurium demonstrated a 100-150% increase in key glycolytic enzymes and a 20-80% decrease in key gluconeogenic enzymes; while the activities of lactic dehydrogenase, glyceraldehyde phosphate dehydrogenase, isocitric dehydrogenase, phosphoglucomutase, and phosphohexose isomerase were increased by 4 
